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Gentiana triﬂoraThe major ﬂavonoids accumulated in leaves of Japanese gentian (Gentiana triﬂora) were determined
as isoorientin (luteolin 6-C-glucoside) and isoorientin 40-glucoside. A cDNA (GtUF6CGT1) was
isolated that encoded the UDP-glucose-dependent glucosyltransferase that is involved in
C-glycosylﬂavone biosynthesis. The recombinant GtUF6CGT1 protein could transfer a glucose group
to the C6 position of a ﬂavone skeleton through C-linkage, using UDP-glucose as the glucosyl donor.
These C-glycosylﬂavones also accumulated in petals. A good correlation was observed between
GtUF6CGT1 expression and C-glycosylﬂavone accumulation in leaves and petals. GtUF6CGT1 is the
ﬁrst reported C-glucosyltransferase that mediates direct C-glucosylation of the ﬂavone skeleton.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Flavonoids are a major class of plant secondary metabolites that
are commonly accumulated in the vacuole as their glycosides, with
some exceptions [1]. Flavone, a major class of ﬂavonoids, is
commonly conjugated with a sugar group through an O-glycosidic
linkage. Some ﬂavones exist as the C-glycosylated form and are
often modiﬁed with O- and C-glycosylations. C-glycosylﬂavones
are an important subgroup of ﬂavonoids present in many plants
[1]. C-glycosylﬂavones are involved in UV protection, defense
against pathogens and inhibition of caterpillar growth [2]. C-glyco-
sylﬂavones are also co-pigments for ﬂower coloration, antioxidants
and anti-diabetic compounds [3]. Flavonoid O-glycosides are
commonly generated by the glycosylation of the ﬂavone skeleton,mediated by uridine diphosphate (UDP)-sugar-dependent glyco-
syltransferase (UGT) [4]. The biosynthetic pathway of C-glycosylf-
lavone was determined recently [4]. In 2009, Brazier-Hicks et al.
ﬁrst identiﬁed C-glucosyltransferases (CGTs) involved in the
biosynthesis of C-glycosylﬂavone in rice (Oryza sativa). C-glycosylf-
lavone is synthesized via glucosylation of the open-chain form of
2-hydroxyﬂavanone produced by the hydroxylation of ﬂavanone
mediated by a cytochrome P450 family protein, followed by
enzymatic dehydration (Fig. 1, Route 1) [5,6]. Thus, in cereals,
C-glycosylﬂavones are generated by C-glycosylation before the ﬂa-
vone skeleton is complete. The same pathway exists in buckwheat
(Fagopyrum esculentum) [7].
Japanese-cultivated gentians, Gentiana triﬂora, Gentiana scabra
and their hybrids, are popular ornamental ﬂowers in Japan. They
typically show blue to violet ﬂower color, but some pink- or
white-colored cultivars have been bred [8–10]. These cyanic ﬂower
colors arise from polyacylated anthocyanins and the structures of
those compounds were determined as gentiodelphin [11,12].
Besides anthocyanins, Japanese-cultivated gentians accumulate
unpigmented ﬂavonoids, including ﬂavone derivatives. Previously,
we isolated the ﬂavone synthase II (FNSII) gene, which is involved in
ﬂavone biosynthesis in gentian petals [13]. Recently, we character-
ized the transcription factors involved in the activation and repres-
sion of ﬂavonoid biosynthetic genes in Japanese gentians [14,15].
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been determined and no enzymatic genes involved in ﬂavone mod-
iﬁcation have been isolated.
In this report, we attempted to determine the structures of
ﬂavones accumulated in Japanese gentian and to identify a cDNA
encoding the UDP-glucose-dependent glucosyltransferase. The
results showed that C-glycosylﬂavones accumulate in the leaves
and petals of Japanese gentian. A cDNA, GtUF6CGT1, encoding a
protein involved in the formation of ﬂavone 6-C-glucosides was
identiﬁed. In vitro assays using ﬂavonoids as substrates demon-
strated that the recombinant GtUF6CGT1 protein could transfer a
glucose moiety to the 6 position of the ﬂavone skeleton with a
C-linkage. GtUF6CGT1 could catalyze direct C-glucosylation to
the ﬂavone skeleton with high stereo selectivity, which differs
from previously reported CGTs.
2. Materials and methods
2.1. Plant materials and chemicals
Japanese-cultivated gentian (G. triﬂora) cv. Maciry was grown in
the ﬁeld of the Iwate Agricultural Research Center. The petals at
developmental stages 1–4, as described in our previous report
[16], young and mature leaves, and stems were collected and
immediately frozen in liquid nitrogen and stored at 80 C.
2-Hydroxynaringenin and norathyriol were purchased from
ChemFaces (Wuhan, China). Maclurin was purchased from Sigma
(St. Louis, MO, USA). Other ﬂavonoids were purchased from
Funakoshi (Tokyo, Japan).
2.2. Puriﬁcation of ﬂavonoids extracted from gentian leaves
Freeze-dried leaves (20 g, dry weight) were soaked in 80%
methanol. The ﬁltered extract was evaporated and dissolved in
pure water. Flavonoids were absorbed to a Diaion HP20 column
(Mitsubishi Chemical, Tokyo, Japan) equilibrated with pure water.
Flavonoids were eluted with 50% methanol after washing with 20%
methanol. Flavonoids were separated using high-performance
liquid chromatography (HPLC; L-6250 Intelligent Pump, L-4250
UV–VIS detector, D-2500 Chromato-Integrator, Hitachi High-
Technologies, Tokyo, Japan) equipped with a reverse-phase column
(Inertsil ODS, 10 i.d.  250 mm, GL Science, Tokyo, Japan). The ﬁrst
separation used a linear gradient elution (2 ml min1) of 5–60%
methanol in 0.1% aqueous triﬂuoroacetic acid (TFA) for 40 min.
Fractions were analyzed by an HPLC-PDA (HPLC-photodiode array
detector; AS-4010 Auto sampler, L-6320 Intelligent pump, L-2455
Diode Array Detector, D-2000 Elite chromatography DATA station,
Hitachi High-Technologies) at 1-min intervals and the fractions
containing ﬂavonoids were combined and subjected to the second
puriﬁcation step. The second cycle of HPLC separation used a linearFig. 1. The possible biosynthetic pathways for C-glycosylﬂavone. The pathways of C-gly
open-chain form of 2-hydroxyﬂavanone in rice and maize. Route 2 illustrates the othergradient elution (2 ml min1) of 5–45% acetonitrile in 0.1% aqueous
TFA for 40 min. The fraction containing compound 1 was subjected
to ﬂash chromatography (YFLC AI-580, Yamazen Corp., Osaka,
Japan) equipped with a doubled reverse-phase column (Hi-Flash
column, ODS-SM, 26 i.d.  100 mm, Yamazen) using a linear gradi-
ent elution (10 ml min–1) of 10–80% methanol in water for 40 min.
Puriﬁed ﬂavonoids were analyzed by electrospray ionization-mass
spectrometry (ESI-MS, AccuTOF MS, JMS-T100LC, JEOL Ltd., Tokyo,
Japan) and nuclear magnetic resonance (1H NMR, 13C NMR, 1H{13C}
HMQC, 1H{13C} HMBC, 1H-1H COSY, and NOESY) in CD3SOCD3 on a
JNM-ECA-500 spectrometer (JEOL). For 1H NMR (500 MHz) and 13C
NMR (125 MHz), chemical shifts were referenced to the residual
solvent (CD3SOCD3) signals at dH 2.50 and dC 39.5. The assignments
of NMR signals are shown in Table S1. Puriﬁed compound 1 was
hydrolyzed by treatment with 4 N HCl at 80 C. The hydrolysate
was labeled with p-aminobenzoic acid ethylester (ABEE) following
the manufacturer’s protocol (ABEE labeling kit, J-oil mills, Tokyo,
Japan). Labeled sugars were separated by HPLC on a reverse-phase
column (COSMOSIL5C18-MS-II, 4.6 mm i.d.  50 mm) using iso-
cratic elution (1.5 ml min1) of 0.2 M potassium borate buffer
(pH 8.9), including 7% acetonitrile, for 5 min. The sugars were iden-
tiﬁed by comparing their retention times with standard hexoses
(glucose and galactose).
2.3. C-glucosylation assay using the crude protein prepared from
gentian young leaf
Frozen leaves (0.5 g) were ground into powder in liquid nitro-
gen using a mortar and pestle and then placed into 5 ml of extrac-
tion buffer (0.1 M potassium phosphate, pH 7.5, containing 1 mM
dithiothreitol (DTT)). Cell debris was removed by centrifugation
at 15000g for 5 min. Proteins were precipitated with 80% ammo-
nium sulfate and re-suspended in extraction buffer. Crude protein
was desalted using a G-25 spin column (GE Healthcare, Piscataway,
NJ, USA). The reaction mixture comprised 100 mM Tris–Cl buffer,
pH 8.5, 1 mM DTT, 0.2 mM of substrate and 40–60 lg of crude pro-
tein. A CBB protein assay kit (BioRad Laboratories, Hercules, CA,
USA) determined the protein concentrations, using bovine serum
albumin as the standard.
2.4. Cloning CGT candidate cDNAs and the production of recombinant
proteins
UGT homologous cDNAs were searched for using our in-house
expressed sequence tag (EST) database [14]. Six cDNA sequences
containing putative ATG start codons were selected and PCR prim-
ers were designed to include the ﬁrst ATG (Supple. Table S2). Total
RNA was extracted from young leaves using an RNeasy Plant Mini
kit (QIAGEN, Hilden, Germany) following the manufacturer’s man-
ual. First strand cDNA was synthesized by rapid ampliﬁcation ofcosylﬂavone synthesis have been proposed as: Route 1, glycosylation occurs at the
possible pathway for C-glycosylﬂavone in Japanese gentian.
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Japan). The 30-cDNA ends from the ﬁrst ATG obtained by PCR
(20 s at 95 C, 40 s at 55 C, 1 min at 72 C, 35 cycles) were ligated
into vector pMD20 (TakaraBio) and sequenced. Each cDNA
containing an open reading frame was ampliﬁed by PCR under
the same conditions using sense primers including ﬁrst ATG and
an antisense primer designed to exclude the stop codon (Supple.
Table S2) and ligated into vector pTrcHis2/TOPO (Invitrogen, Carls-
bad, CA, USA). Escherichia coli Nico21 (DE3) were transformed with
these plasmids. Four hundred microliters of pre-inoculated (1.5 ml
LB-broth, 16 h at 30 C) transformants were transferred to 200 ml
of LB-broth, and inoculated for 16 h at 30 C. After IPTG (1 mM ﬁnal
concentration) addition for protein induction, the cells were incu-
bated for 14 h at 16 C. Harvested E. coli cells were stored at20 C.
The E. coli cells were suspended in extraction buffer (0.1 M potas-
sium phosphate, pH 7.5, 0.5 M NaCl, 20 mM imidazole) and dis-
rupted by sonication. After centrifugation of 15000g for 2 min
at 4 C, the supernatant was applied to a HisTrap GraviFlow col-
umn equilibrated with extraction buffer. The column was washed
with 3 mL of wash buffer (0.1 M potassium phosphate, pH 7.5,
0.5 M NaCl, 50 mM imidazole) three times; the proteins were
eluted with elution buffer (0.1 M potassium phosphate, pH 7.5,
0.5 M NaCl, 250 mM imidazole). The concentration and buffer
exchange to 10 mM potassium phosphate buffer (pH 7.5) including
1 mM DTT was done using an Amicon-15 (30 MWCO, Merck
Millipore, Darmstadt, Germany).
2.5. C-glucosylation assay using the partially puriﬁed recombinant
GtUFCGT
The reaction mixture comprised 100 mM Tris–Cl buffer, pH 8.5,
1 mM DTT, 0.2 mM of substrate and 16 lg of partially puriﬁed
recombinant protein. The mixtures were preincubated at 30 C,
and then enzyme reaction was started by the addition of UDP-
glucose. Two ll of 20% phosphoric acid was added to terminate
the reaction after 10 min.
2.6. Determination of the compounds generated using recombinant
GtUF6CGT1
A large amount of reaction product was obtained by the UDP-
glucose recycling system using Arabidopsis sucrose synthase
[17], following the protocol described in the literature [18]. The
reaction mixture was separated by HPLC as described above, using
a linear gradient elution (2 ml min1) of 5–60% methanol in 0.1%
aqueous TFA for 40 min and fractionated by 1 min. The puriﬁed
reaction products were analyzed by MS and NMR. The NMR assign-
ment of reaction products is shown in Table S1.
2.7. Quantiﬁcation of the C-glycosylﬂavone content
Flavonoids contained in each tissue (10 mg dry weight) were
extracted with 1 ml of 80% methanol containing 0.1% TFA over-
night. The supernatants were treated with 4 N HCl for 2 h at
80 C. After cooling on ice, four volumes of methanol were added
to the mixture. The hydrolyzed samples were evaporated, dis-
solved in methanol and then subjected to HPLC analysis.
2.8. Expression analysis of GtUF6CGT1
Quantitative real-time reverse-transcription PCR (qRT-PCR)
analysis was performed as described previously [15], using the
primers described in Supple. Table S2. The expression level of
GtUF6CGT1 was normalized by the expression of the ubiquitin gene
[15]. The individual expression levels were shown in Supple.
Fig. S1.2.9. Phylogenetic analysis
The amino acid sequences were aligned using the ClustalW
algorithm [19]. The phylogenetic tree was constructed using the
neighbor-joining algorithm in MEGA version 5.2.2 [20]. Bootstrap
values were performed with 1000 replications.3. Results
3.1. Flavonoid analysis of the gentian leaves
In the gentian leaf extract, two major peaks were detected on
the HPLC chromatogram with a kmax at 338 nm (Fig. 2 peak 1)
and at 350 nm (Fig. 2 peak 2), suggesting that they could be ﬂavone
derivatives. The two substances corresponding to peaks 1 and 2
were puriﬁed by HPLC. The molecular ion peaks of the compounds
were observed [M+H]+ at m/z 471.15 (peak 2) and [M+Na]+ at m/z
611.21 (peak 1) suggesting luteolin C-hexoside and luteolin
C-hexoside bonding to additional hexose through an O-linkage,
respectively. The retention time of peak 2 corresponded to that
of isoorientin (luteolin 6-C-glucoside) and the heteronuclear multi-
ple-bond correlation spectroscopy (HMBC) correlation signal was
observed between the anomeric proton of glucose and C-6 indi-
cated that this compound was isoorientin (Supple. Fig. S2). HPLC
analysis of labeled hydrolyzed hexose of compound 1 strongly sug-
gested that the hexose was glucose (Supple. Fig. S3). The nuclear
Overhauser effect spectroscopy (NOESY) signal between the ano-
meric proton of O-linked glucose and the proton at the 50 position
suggested that glucose was linked at the 40 position (Supple.
Fig. S4). The MS analysis implied that the minor peak (Fig. 2 aster-
isk; the molecular ion peak was observed [M+Na]+ atm/z = 617.11)
is apigenin C-hexoside-O-hexoside.
3.2. Detection of the ﬂavone glucosyltransferase activity using crude
protein from gentian leaves
After incubation of the crude protein prepared from young
leaves with the UDP-glucose as the glucose donor and luteolin as
the glucose acceptor for 30 min, the reaction products were
subjected to HPLC analysis. No signiﬁcant product peaks were
observed in the reaction mixture lacking UDP-glucose (Fig. 3A).
An additional peak was observed on the HPLC chromatogram in
the mixture containing UDP-glucose (Fig. 3B). HPLC co-chromatog-
raphy demonstrated that the retention time of the product corre-
sponded to that of isoorientin (Fig. 3D). These data suggested
that the reaction whereby the glucose group was directly bonded
to the ﬂavone through a C-linkage was mediated by a UDP-
glucose-dependent enzyme in the mixture.3.3. Isolation of the cDNA encoding UF6CGT
BLAST searching against our in-house EST database [14] identi-
ﬁed 70 UGT-like cDNA fragments. Twenty-ﬁve of them containing
a putative ATG start codon were selected as the candidate of
UF6CGT. Finally, six cDNAs containing a full-length open reading
frame were obtained by 30-RACE. Recombinant expressions
constructs of these six cDNAs were introduced to E. coli cells. The
UGT activity assay showed that one cDNA clone, designated as
GtUF6CGT1 (accession No. AB985754), could transfer a glucosyl
group to luteolin. HPLC analysis of the enzymatic reaction products
obtained using the crude recombinant protein showed a reaction
product when UDP-glucose was present, but not when UDP-
glucose was absent (Fig. 3E and F). MS analysis showed that the
molecular ion peak at m/z = 471.15 ([M+Na]+) corresponded to
the molecular mass of isoorientin. The chemical shift of 1H and
Fig. 2. HPLC elution proﬁle of the extracts from gentian leaves. The extracts from Japanese gentian leaves were separated by HPLC monitoring at 350 nm. Two major peaks
were observed on the chromatogram. These two major compounds were identiﬁed as isoorientin and isoorientin 40-glucoside (see the text).
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extracts (Supple. Table S1). The observation of the HMBC signalsbetween the anomeric proton of glucose and carbon at the 6 posi-
tion suggested that the compound was luteolin 6-C-glucoside
(Supple. Fig. S2). The coupling constant of the anomeric proton
suggested that luteolin binds to glucose via b-conjugation.
3.4. Gene expression analysis of GtUF6CGT1 and C-glycosylﬂavone
contents in leaves and ﬂower petals
The C-glycosylﬂavone content was measured in each tissue.
C-glycosylﬂavones accumulated at the highest level in young
leaves (Fig. 4A). Accumulation was also observed in mature leaves
186 N. Sasaki et al. / FEBS Letters 589 (2015) 182–187and in each developmental stage of the petals. qRT-PCR analysis
revealed that GtUF6CGT1 expression was highest in young leaves
and reduced in mature leaves (Fig. 4B). In the developmental
stages of gentian ﬂower petals, expression was higher at the early
stages than at the late stages. The qRT-PCR results correlated well
with the C-glycosylﬂavone accumulation pattern (Fig. 4A and B).
3.5. Phylogenetic analysis
The GtUF6CGT1 cDNA comprised 1431 bp encoding a 477 amino
acid protein. The amino acid sequence shared low identities with
rice (25%) and maize (25%) CGTs that mediate the C-glucosylation
of ring opened 2-hydroxyﬂavanone. The fact that GtUF6CGT1
belongs to the clade that include Arabidopsis UGT84 family
implied GtUF6CGT1 was categorized in group L of family 1 UDP-
glycosyltransferases proposed by Li et al. [21]. Phylogenetic tree
analysis based on the deduced amino acid sequences suggested
that the GtUF6CGT1 is close to UGTs involved in acyl-glucose bio-
synthesis and but not to CGTs in cereals. GtUF6CGT1 is very distant
to bacterial CGTs (Supple. Fig. S5).
3.6. Substrate preference of the recombinant GtUF6CGT1
The substrate preference of GtUF6CGT1 was assessed using the
partially puriﬁed recombinant protein (Table 1). GtUF6CGT1
showed a preference for apigenin and luteolin, but could not recog-
nize ﬂavonols, anthocyanins and xanthones as glucosyl acceptors.
The recombinant GtUF6CGT1 preferred luteolin to apigenin and
could not transfer glucose group to orientin (luteolin 8-C-gluco-
side) and luteolin 40-glucoside. GtUF6CGT1 was able to use
UDP-galactose as a sugar donor, with an efﬁciency that was
approximately 10 times lower than that for UDP-glucose and could
not use UDP-glucuronic acid.
4. Discussion
Isoorientin (luteolin 6-C-glucoside) derivatives, but not orientin
(luteolin 8-C-glucoside) and their derivatives, accumulate in Genti-
ana species [22,23]. Orientin also did not accumulate signiﬁcantly
in G. triﬂora, suggesting that ﬂavone 6-C-glucosides are primarily
synthesized in Gentiana species. These observations implied thatTable 1
Substrate preference of rUFCGT.
Substrates Activity (pkatal mg1 protein)
Glucosyl-acceptor
3,4,20 ,40 ,60-pentahydroxychalcone n.d
2-Hydroxynaringenin n.d
Naringenin Trace*
Eriodictyol Trace*
Apigenin 115.7 ± 2.86
Luteolin 248.8 ± 10.14
Orientin n.d.
Isoorientin 40-glucoside n.d.
Kaempferol n.d.
Quercetin n.d.
Pelargonidin n.d.
Cyanidin n.d.
Maclurin n.d.
Norathyriol Trace**
Glucosyl-donor
UDP-galactose 25.9 ± 0.58
UDP-glucouronic acid n.d.
n.d., no signiﬁcant peaks were detected.
* Two trace peaks having similar PDA spectra to that of aglycone were detected.
** Three trace peaks having similar PDA spectra to that of aglycone were detected.the C-glycosylﬂavone synthesis was mediated by certain speciﬁc
GTs with strict stereo selectivities. The recombinant GtUF6CGT1
showed high stereo selectivity for glycosyl transfer at the carbon
6-position. Thus, in Japanese gentian, it is likely that isoorientin
production might be determined predominantly by the speciﬁcity
of this UF6CGT1, unlike in cereals, where isoorientin production is
decided by the dehydratase [6]. The UGTs that catalyze C-glycosyl-
ation of 2-hydroxyﬂavone, the precursor of ﬂavones, have been
reported, suggesting that the C-glucosylﬂavones are synthesized
through Route 1 (Fig. 1) in plants [6,24]. By contrast, the data
described here supported the hypothesis that C-glycosylﬂavones
can be synthesized via Route 2, i.e. the C-glucosylation occurs after
the ﬂavone aglycone formation catalyzed by FNSII in Japanese
gentian. GtUF6CGT1 could only recognize ﬂavones and not luteolin
40-glucoside, which indicated that isoorientin 40-glucoside, the pro-
spective ﬁnal product, could be synthesized by 40-glucosylation
after 6-C-glucosylation. However, that C-glycosylﬂavone is also
synthesized via Route 1 cannot be ruled out. Further investigation
is needed to clarify whether just one pathway or multiple path-
ways synthesize C-glycosylﬂavone in Japanese gentian.
Phylogenetic analysis suggested that GtUF6CGT1 belongs to a
distinct clade from the other CGTs involved in 2-hydroxyﬂavanone
C-glucosylation. Thus, these CGTs might not be derived from the
same ancestral O-glycosyltransferase gene. This implied that the
alteration of the O-glucosyl transfer activity to C-glucosyl transfer
activity had occurred at least twice independently during evolu-
tion. An enzyme that shows both O- and C-GT activity was identi-
ﬁed [25] and the change of those two activities from a few amino
acid substitutions was reported [26], suggesting that the shift of
O-GT to C-GT might take place relatively easily.
This is the ﬁrst study to report the UGT that catalyzes direct
C-glucosylation of ﬂavones in higher plants. However, whether this
type ﬂavone C-glucosyltransferase is limited to Japanese gentian,
or to the genus Gentiana, or spread among more widely in higher
plants is unknown. That information might provide hints as to
how the biosynthetic pathway for C-glycosylﬂavone has been
acquired during evolution in higher plants.
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